Background: Lead and cadmium are harmful heavy metals that are used for a variety of occupational purposes. Considering their potentially hazardous effects on health, studies on the association between exposure to these two heavy metals and health disorders have been actively conducted. This study aimed to determine the association between blood lead and cadmium levels and blood pressure in workers exposed to lead and cadmium in a smelter. Methods: Nine hundred and sixty-three male workers who worked in a smelter, and underwent medical examinations at the Ulsan University Hospital between January 1 and December 31, 2014, were selected as participants. Among them, 310 subjects whose data on height, weight, blood pressure, fasting blood glucose, lipid profile, and blood lead and cadmium levels were available and who answered the questionnaire were selected as the final participants. We investigated the drinking habit, smoking status, exercise adequacy, and family history of hypertension of these workers using formal questionnaires. A statistical analysis was conducted using Student's t-test, analysis of variance, and linear or logistic regression.
Background
Although lead and cadmium are prevalent heavy metals in the environment, exposure to these metals primarily occurs as a result of human activities [1] , particularly for lead and cadmium, which are widely used in various industries [2] . For example, lead is used in mining, smelting and refining, printing, and battery manufacturing, and cadmium is utilized in smelting and refining, plastic and battery manufacturing, and alloy production [3] [4] [5] [6] .
These two heavy metals mainly enter the body through the respiratory and digestive systems [7] [8] [9] , and they accumulate and remain for a long time. The half-lives of lead and cadmium are 5-20 years in the bones and 10-30 years in the kidneys, respectively [10] [11] [12] . Given the health hazards caused by these heavy metals, studies on lead or cadmium exposure and health impairment are continuing. There are studies on renal [13, 14] , hematopoietic [2, 15, 16] , and cardiovascular [17, 18] systems effects due to lead exposure, and there are studies on renal [19, 20] , cardiovascular [21] , and musculoskeletal [22] systems effects due to cadmium exposure.
In particular, numerous studies have been conducted on the relationship between lead or cadmium exposure and blood pressure elevation. Although some studies reported the relationship between lead exposure and blood pressure elevation [20, [23] [24] [25] , other researches revealed the absence of association between lead exposure and blood pressure elevation [26] [27] [28] . The effects of lead exposure on blood pressure are inconsistently reported, and varied depending on the age and gender of the participants within the same study [29] . The same inconsistent findings were also reported on the association between cadmium exposure and blood pressure elevation. Some studies revealed the associations between cadmium exposure and elevated blood pressure [30] [31] [32] , but other research also reported opposite results [33] [34] [35] .
Hypertension is a highly prevalent disease that causes complications in major organs, such as the brain, heart, and kidneys [36] . The risk factors for blood pressure elevation generally include increasing age, high body mass index, frequent drinking, lack of physical activity, smoking, stress, diabetes, dyslipidemia, race [37] [38] [39] [40] [41] [42] [43] , and numerous researches related to these risk factors have been conducted. However, only few studies have been performed on the association between blood pressure and exposure to heavy metals in Korea [24, 25] . Furthermore, study subjects of the previous papers were general population who had lower exposure to the metals, but not workers who were exposed to heavy metals occupationally. Therefore, in this study, we aimed to confirm the association between lead and cadmium exposures and blood pressure increase in workers simultaneously exposed to these two heavy metals.
Methods

Study subjects
Nine hundred and sixty-three male workers who worked in a copper smelter, and underwent medical examinations at the Ulsan University Hospital between January 1 and December 31, 2014, were selected as participants. The copper smelter produces purified copper from copper ore through various processes such as drying, smelting, and refining. All subjects in our study were production workers who worked in mechanical maintenance, refining, smelting furnace processes, and others. They were exposed to lead and cadmium as well as copper generated in the process. We analyzed the participants' age, body mass index, work period, drinking habit, smoking status, exercise adequacy, family history of hypertension, blood lead and blood cadmium levels, and other related factors based on the results of the medical examinations and their answers to the questionnaires. Among all the participants, 310 workers whose data were complete and who were exposed to lead and cadmium as hazardous factors were selected as the final analysis subjects.
Basic data collection
The ages and work periods of the participants were calculated based on their date of birth and start date of occupation, respectively. High-risk alcohol drinking habit was defined as alcohol consumption of more than 8 glasses per day [44] , and the participants were classified based on their smoking status as current nonsmokers (i.e., nonsmokers and ex-smokers) and current smokers [45] . Adequate exercise was defined as performance of moderate physical activities, such as playing tennis doubles or very brisk walking for more than 30 min a day and three or more times a week. A positive family history of hypertension was defined as having parents or siblings who were diagnosed with hypertension or taking an antihypertensive drug [46] . The weight and height were measured using an auto weight and height measuring system (GL-150; G-Tech International Co., Ltd., Korea), and body mass index was calculated by dividing the body weight (kg) by the square of the height (m 2 ). Blood pressure was measured once in the brachial artery of subjects, while subjects were seated following 5-min rest period. Hypertension was defined as DBP of at least 90 mmHg or SBP of at least 140 mmHg or self-reported current use of an anti-hypertensive medication. The SBP and DBP were measured using an automatic blood pressure monitoring equipment (FT-500R; Jawon Medical Co., Ltd., Korea). Dyslipidemia defined by either a fasting total cholesterol level of ≥200 mg/dL, or low density lipoprotein cholesterol ≥130 mg/dl, or high density lipoprotein cholesterol ≤ 40 mg/dL [47] . Blood glucose and lipid profile were measured after 12-h fasting.
Determination of lead and cadmium in whole blood
The blood lead and cadmium levels were pretreated using a dilution method and analyzed with a graphite furnace atomic absorption spectrometer (240Z; Agilent Technologies, Santa Clara, CA, USA). The blood lead level was analyzed by mixing 50 μl whole blood, 50 μl distilled water, and 900 μl diluted solution (1% Triton X-100/0.2% (NH 4 ) 2 HPO 4 ) in a tube. The blood cadmium level was analyzed by mixing 150 μl whole blood, 150 μl distilled water, and 1700 μl diluted solution (1% Triton X-100/0.2% (NH 4 ) 2 HPO 4 ) in a tube. Blood lead and cadmium concentrations were measured at Ulsan University Hospital, which passed the Quality Assurance Program operated by the Korean Occupational Safety and Health Agency, and is certified by the Korean Ministry of Employment and Labor as a designated laboratory for analysis of specific chemicals, including heavy metal and certain organic chemicals.
Statistical analysis
The data collected from the 310 subjects were statistically analyzed using SPSS 21.0 (IBM SPSS Inc., Chicago, IL, USA). The blood lead and cadmium levels were analyzed through logarithmic (base 2) transformation because they were not normally distributed and were right skewed. The heavy metal levels in the blood were expressed as the geometric mean (GM) and 95% confidence interval (CI). Student's t-test and analysis of variance were used for the comparison of the mean values. Simple linear regression analysis was utilized to confirm the association between SBP and DBP and blood heavy metal levels. In linear regression, 292 subjects were analyzed excluding those who were taking antihypertensive drugs, because the medications might affect SBP and DBP. Multiple linear regression analysis was performed to adjust the relevant factors that could affect the blood pressure and determine the relationship between blood lead and cadmium concentrations and blood pressure elevation. Risk factors for hypertension such as age, body mass index, dyslipidemia, diabetes, alcohol drinking habit, smoking status, exercise habit, and family history of hypertension were included as covariates. Stress was not available in this study. We also evaluated the relationship of blood lead and cadmium concentrations with blood pressure elevation by stratifying study subjects into those younger than 40 years and those aged 40 years or over. In addition, odds ratios (ORs) and 95% CIs for hypertension were calculated for log 2 -transformed blood lead and cadmium after adjustment of the same covariates as in the logistic regression analyses.
Significance level was set at p < 0.05; a p-value less than 0.05 indicated statistical significance.
Results
Three hundred ten subjects were included in the final analysis. The variables that could affect the blood pressure and blood lead and cadmium levels were presented using GM and 95% CI. The age range of the subjects was from 21 to 61 years. The workers were divided based on their ages, that is, 20-29 years, 30-39 years, 40-49 years, and 50 or older, and the blood lead and cadmium levels of these age groups were then determined. The GMs of the blood cadmium levels of the total and the four age groups were 1.053, 0.655, 1.036, 1.172, and 1.347 μg/L, respectively. The blood cadmium concentration significantly increased with age (p < 0.001). However, no statistically significant relationship was found between blood lead levels and age.
The subjects were also divided into groups based on their work periods, that is, less than 10 years, 10-19 years, and more than 20 years, and their blood lead and cadmium levels were then analyzed. The GMs of the blood cadmium concentrations of the three groups were 0.829, 1.193, and 1.399 μg/L, respectively, and the blood cadmium levels significantly increased as the work period increased (p < 0.001). However, no statistically significant association was noted between blood lead levels and work period.
The GMs of blood cadmium levels were 0.965, 1.126 μg/L for group without dyslipidemia and dyslipidemia group, respectively, and the difference was statistically significant (p = 0.039). However, a statistically significant difference in blood lead levels was not found between the two groups.
The subjects were further divided based on their smoking status into current nonsmoker (i.e., nonsmoker and ex-smoker) and current smoker groups. The GMs of the blood lead levels were 5.232 and 6.385 μg/dL for the current nonsmoker and current smoker groups, respectively, and the difference was statistically significant (p < 0.001). Additionally, the GM of the blood cadmium levels of the current smoker group was 1.155 μg/L, which was higher than that of the current nonsmoker group (0.972 μg/L), and the difference was statistically significant.
Furthermore, body mass index, fasting blood glucose, high-risk alcohol drinking habit, adequate exercise, and family history of hypertension were found to be not significantly associated with blood lead and cadmium levels ( Table 1) .
The SBP and DBP of the final subjects were measured and examined using simple linear regression analysis to determine the association between blood pressure elevation and blood lead and cadmium levels. Blood lead and cadmium levels were analyzed using logarithm (base 2) transformation. SBP and DBP were significantly associated with log 2 blood cadmium levels (p = 0.004 and p = 0.001, respectively). The results indicated that a doubling of blood cadmium was associated with the increase in SBP and DBP by 2.310 mmHg (95% CI: 0.727-3.893 mmHg) and 2.067 mmHg (95% CI: 0.814-3.319 mmHg), respectively. However, no statistical association was detected between SBP and DBP and blood lead levels ( Table 2) .
The relationship between elevated blood pressure and blood lead and cadmium levels were examined with regard to age, body mass index, fasting blood glucose, dyslipidemia, drinking habit, smoking status, exercise adequacy, and family history of hypertension, which may affect the blood pressure of the participants, using multiple linear regression analysis. SBP was significantly associated with body mass index and per doubling of blood cadmium levels (p < 0.001 and p = 0.012, respectively). The results indicated that a doubling of blood cadmium was associated with the increase in SBP by 2.171 mmHg (95% CI: 0.487 -3.854 mmHg). Other variables, such as age, fasting blood glucose, dyslipidemia, high-risk alcohol drinking habit, smoking status, adequate exercise, family history of hypertension, and log 2 blood lead levels, were not statistically significant (Table 3) .
DBP was significantly associated with age, body mass index, family history of hypertension, and per doubling of blood cadmium levels (p = 0.002, p < 0.001, p = 0.008, and p = 0.029, respectively). The results indicated that a doubling of blood cadmium was associated with the increase in DBP by 1.462 mmHg (95% CI: 0.147-2.777 mmHg). Other variables, such as fasting blood glucose, dyslipidemia, high-risk alcohol drinking habit, smoking status, adequate exercise, and log 2 blood lead levels, were not statistically significant (Table 4 ). In addition, multiple linear regression analysis with age stratification showed that doubling of blood cadmium levels was significantly associated with the increase in SBP only by 3.336 mmHg (95% CI: 0.572-6.099 mmHg) in subjects aged 40 years or older after adjustment for the same covariates (p = 0.018). There was no significant association in subjects younger than 40 years (Table 5) . We also analyzed the association of blood cadmium and blood lead levels with hypertension using logistic regression analysis. But there was no association of the presence of hypertension with blood cadmium and lead levels (data not shown).
Discussion
Studies on the effects of heavy metal exposure on health have been conducted to date. In particular, humans are easily exposed to lead and cadmium that are present not only in the environment, but also in the workplace. Our study aimed to identify the association between heavy metal exposure and blood pressure elevation in workers who were occupationally exposed to lead and cadmium. We studied 310 workers who were occupationally exposed to lead and cadmium. The GMs of blood lead and cadmium levels of the participants were 5.839 μg/dL and 1.053 μg/L, respectively, which were higher than the mean blood lead and cadmium concentrations of the general male population (2.44 μg/dL and 0.83 μg/L, respectively) based on the report of the Fifth Korea National Health and Nutrition Examination Survey [48] . The results obtained from the measurement of ambient cadmium and lead concentrations in the working environment conducted in 2014 were lower than the time weighted averages of 0.05 and 0.01 mg/m 3 , respectively, which were considered as the exposure criteria by the Korea Ministry of Employment and Labor for the assessment of chemical and physical factors [49] . One of the causes of the higher blood lead and cadmium levels of the participants in this study than those of the general population could be the continuous occupational exposure to lead and cadmium in their workplace. Previous studies also revealed high blood lead or cadmium levels in workers who were occupationally exposed to these heavy metals [50] [51] [52] .
Blood cadmium levels significantly increased as age and work period groups increased. However, blood lead levels did not significantly changed with age and work period. Our previous studies [25, 53] also showed similar findings that the association of aging with increase in blood cadmium was stronger than that of blood lead. One of the reasons is that the blood lead has shorter half-life and does not fully reflect the total body burden compared to blood cadmium [54, 55] . Also, the blood lead and cadmium levels were higher in current smokers than in current non-smokers (p < 0.001 and p = 0.017, respectively).
The association between SBP and DBP and heavy metal exposure was examined using simple linear regression analysis. A significant association between blood cadmium level and SBP and DBP was found. However, a statistically significant correlation between blood lead level and blood pressure could not be identified. Moreover, multiple linear regression analysis was used to adjust for other factors, such as age, body mass index, fasting blood glucose, dyslipidemia, high-risk alcohol drinking habit, smoking status, exercise adequacy, and family history of hypertension, those might affect the blood pressure. Similarly, a significant association between blood cadmium level and SBP and DBP was observed after further adjustment for lead exposure. However, a statistically significant relationship between blood lead level and blood pressure was not observed. Our previous studies [25, 53] showed similar findings of stronger association of blood pressure with blood cadmium than blood lead. One of reasons for this result may be small number of subjects. Further study is needed to clarify this difference. In addition, blood cadmium level was significantly associated with SBP, but not DBP, in subjects aged 40 years or older. These findings are compatible with previous studies that showed stronger association of cadmium exposure with SBP than DBP [25, 56, 57] .
Blood lead and cadmium levels are valid biomarkers for recent lead [58] and cadmium [59] exposures. Many studies had been performed on the association between cadmium or lead exposure and blood pressure elevation. The hypothesis on the mechanism by which lead exposure could affect blood pressure had been suggested by several studies as follows: changes in the renin-angiotensin system and dysfunction in sodium handling lead to toxic effects in the body upon exposure to low lead concentrations [60] . Lead exposure causes oxidative stress, which induces limitation of nitric oxide availability, elevation of systemic vascular resistance [19] , and changes in the activity and production of hormones that regulate the vascular tone [61] . Although studies consistently reported positive associations between bone lead and blood pressure, other researches inconsistently supported the correlation between blood lead and blood pressure [25] . In the present study, the association between blood lead concentration and blood pressure elevation was not identified. Further study is needed to evaluate the association between blood lead concentration and blood pressure.
The exact biological mechanisms by which cadmium exposure leads to blood pressure elevation remains to be precisely unknown. However, these mechanisms include oxidative stress induced by cadmium exposure, resulting in vascular endothelial and smooth muscle cell damage [62] , nephrotoxicity by cadmium [63] , direct vasoconstriction, autonomic nerve system activation, and vasodilatation inhibition [64] . In the previous study of the authors, the association between blood cadmium levels (GM: 0.788 μg/L) and hypertension in the general Korean population was determined [24, 25] , and a significant association between cadmium levels and blood pressure increase was found after adjusting for the blood lead level [25] . In the present study, we also identified a relationship between low-level cadmium exposure (GM: 1.053 μg/L) and elevated blood pressure in workers, similar to the findings in the general population.
This study has some limitations to consider when interpreting the results. First, given that our results were based on cross-sectional analysis, we did not reveal the temporal relationship between heavy metal exposure and blood pressure elevation and/or did not rule out the possibility that an unknown third factor may serve as a confounding variable. Thus, the prospective study is needed further. Second, the identification of the total body burden of exposure to these two heavy metals during the workers' lifetime is limited because blood lead and cadmium levels are commonly used as indicators to reflect recent exposure; the half-life of cadmium and lead in blood is about 2-3 months [54] and 1 month, respectively [55] . Third, the data were collected from only one hospital and the number of subjects was small. Thus, these facts could have affected results of this study. However, this study also has some important implications. First, our study presented objective results on the association between lead and cadmium exposure and blood pressure increase in smelting workers. Second, after adjusting for various hypertension risk factors, including blood lead level, this study could still confirm the association between blood cadmium level and blood pressure elevation. Furthermore, this study is based on workers who are occupationally exposed to heavy metals in a smelter. Therefore, long-term follow-up through cohort construction will facilitate the performance of a prospective study on the relationship between heavy metal exposure and blood pressure increase. Additionally, the health effects can be seen more clearly if the measurements used are indicators of cumulative chronic heavy metal exposure, such as bone lead level, rather than a recent one.
Conclusions
We investigated workers who were occupationally exposed to lead and cadmium to identify the association between exposure to these two heavy metals and blood pressure elevation in a smelter. Although the association between blood cadmium level and blood pressure elevation was confirmed in this study, the relationship between blood lead level and blood pressure increase was not identified. In fact, many workers are exposed to heavy metals, such as cadmium, in the workplace, so studies on health effects caused by heavy metal exposure are continuously needed. Therefore, further research is warranted in the future.
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